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Abstract

Hierarchically Porous Carbon Materials and LiMn2O4 Electrodes for
Electrochemical Supercapacitors

Shimeng Hao

Increasing energy density of electrochemical capacitors (ECs) is crucial for their
applications in energy storage devices requiring short peak power pulses as well as longterm operation. ECs are operated via two primary charge mechanisms, that is, the
electrochemical double-layer capacitance and the pseudocapacitance. In the thesis, the
carbon materials and LiMn2O4, which generate double-layer capacitance and
pseudocapacitance, respectively, have been investigated. The effects of specific surface
area, pore structure and surface functionality on the energy storage performance of ECS
have been studied.
Micro-porous (<2 nm) carbon with pores inaccessible to the solvated ions may
limit the ion diffusion, resulting in a low rate capability. Hence this work attempts to
generate hierarchical macropores/mesopores/micropores in the electrode material.
Flexible, self-sustained and hierarchical porous carbon nanofibers (CNFs) are fabricated
using terephthalic acid as the sacrificial agent. After sublimation and carbonization, the
electrospun mat is converted to a hierarchical porous carbon framework. The high
specific capacitance and good rate capability are associated with the unique hierarchical
porous structure of the as-prepared CNFs. Both the outer fiber surface and inner porous
structure can be accessible for charge accumulation through pores on the surface.
Hierarchical macropores/mesopores in the fiber also help accelerate the ion-diffusion into
inner micropores.
Besides fossil resources, renewable biomass has also been explored as the source
material for supercapacitors in the present work. Lignin, the major aromatic constituent
of plant and woods, is utilized as the carbon precursor to prepare the mesoporous ligninchar. The lignin-derived carbon is prepared by taking an advantage of the organic-organic
self-assembly method, which allows the direct formation of mesoporous polymer
composite from carbon precursor and block copolymer, and conversion to porous carbon
by carbonization. Hierarchically porous carbon (HPC) with pores at different scales has
been obtained after alkali activation. The experimental results show that the appropriate
pore size distribution can ensure high power density and high energy density due to the
short diffusion distance and the minimized electric resistance. Utilization of biomass as
the source materials for supercapacitors will reduce the costs for fabrication of energy
storage devices.

Developing asymmetric supercapacitors is an alternative effective way to obtain
high energy density for an enlarged potential window and additional pseudocapacitance.
LiMn2O4 nanoparticles have been fabricated with a facile and cost-effective method
using carbon black as the template. The spinel structured LiMn2O4 exhibits a high
specific capacitance in a three-electrode system. An asymmetric supercapacitor has been
made with the as-prepared LiMn2O4 nanoparticle as the cathode and the commercial
activated carbon as the anode in a Li2SO4 aqueous solution. The asymmetric
supercapacitor shows a good energy capacity and excellent cycling stability.
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Chapter 1 Introduction

1.1 Background
Energy storage is to balance the supply and demand of energy and is becoming a
key factor in economic growth with the widespread application of electricity. Renewable
energy (most notably solar and wind) contributed 19% to the energy consumption and 22%
to the electricity generation in 2012 and 2013 based on REN21’s 2014 report [ 1 ].
However, the intermittent renewable energy sources limit continuous electricity power
supply and effective electric energy storage systems are in great demand to capture
excess energy during periods of low demand.
Principles of electrical energy storage are divided into two types: chemical energy
storage and capacitive energy storage. Batteries store energy in the form of chemical
reactants whereas electrochemical capacitors (ECs) store energy as charge. Although
batteries are ubiquitous in today’s potable electronic devices because of recent
improvements in engineering and chemistry, to meet the requirements of high power
recovery-supply or high charge-discharge cyclability in some application devices remains
a challenge. For example, only energy storage devices with fast charging rate can capture
energy which is currently wasted in many repetitive processes such as braking in
automobiles and descending elevators. Rather than the phase and crystalline structure
changes caused by the faradaic charging-discharging in batteries, no major changes take
place when ECs store electrical charge. Therefore, the ECs systems can undergo a large
number of charging-discharging cycles (up to millions) with high stability and reliability.
1

Furthermore, this storage mechanism is particularly adapted for applications which
require fast charging-discharging rate (within seconds).
The world market of batteries is estimated to be $95 billion while that of
supercapacitors is only $400 million in 2013 [2]. To fully harness ECs’ potential as
energy storage systems, it is essential to develop ECs with higher energy density and
lower costs. [3].

1.2 Motivation
To satisfy the industrial demands and realize the full potential of ECs as electrical
energy storage devices, new electrode materials/design should be proposed and
fundamental understanding of the physical and chemical processes at the interface is
required. The field of ECs has been strongly influenced by battery technology which is
evident by the construction of similar electrode materials. Two active layers, one
separator with electrolytes are the basic component elements of both the two kinds of
energy storage systems. Carbon can be used as anodes, transition-metal oxides as
cathodes, and sulfuric acid or acetonitrile can serve as electrolytes [4], which are much
like the construction of batteries. However, electrode/electrolyte materials should be
designed specific to ECs due to the different mechanisms between the two storage
systems [5].
High costs and low-energy storage have been considered as the major obstacles
for ECs to meet demands of energy storage device requiring short peak power pulses as
well as long-term operation [6]. Natural precursors or biomass materials have been
widely investigated in recent years as nanostructured activated carbon electrodes for
2

electrical double layer capacitors (EDLCs), motivated in large part by their low-cost, high
specific surface area, high electrical conductivity, high stability, environmental friendly
character and ease of synthesis and processing [7-10]. The total carbon mass of biomass
production is estimated to be 104.9 petagram (104.9×1015 g) per year [11]. The great
abundance of carbon sources makes biomass-derived carbon promising candidates for
low cost and mass-production of carbon-based EDLCs. Different physical and chemical
activation methods can lead to extensively developed porosity and high value of specific
surface area (~2400 m2g-1) [12]. However, highly micro-porous (<2 nm) carbons limits
the ion diffusion in case of smaller pores compared to the solvated ions, resulting in
lower capacitance at high-rate charge/discharge rate. A 3D hierarchical porous carbon
design is proposed and macro-pores (>50 nm), meso-pores (2~50 nm) and micro-pores
(<2 nm) are combined to achieve improved power density and energy density at high rate
[13], because the macro-pores can minimize the diffusion distances, the meso-pores offer
low-resistant ion transport pathways for the electrolyte ions whereas the micro-pores
contribute to the capacitance values [14,15]. Besides the consideration of pore-size
distribution, other factors such as surface functionality, hydrophilicity, electrical
conductivity also play an important role in energy storage performance of carbon
electrode [16]. Therefore, even if good performance is achieved with well-developed
porosity, the other parameters are important considerations and worth further
investigation to make this system applicable in energy storage.
Electrospinning- drawing submicrometer fibers from a liquid by an electrical
charge-is a powerful technique for the fabrication of one-dimensional (1D)
nanostructured fibers. Polyacrylonitrile is a widely-used polymer precursor for
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electrospinning process due to its good electrospinnabilty. Upon the following
carbonization treatment, continuous carbon nanofibers (CNFs) are easily produced with
nano-scale diameter, large surface-to-volume ratio, large surface area and high
conductivity. To further enhance the application of electrospun carbon fiber, optimizing
composite precursor has been utilized to increase the surface area and porosity of carbon
fibers by selective removal of one component in the composite [17], which provides a
cost-effective synthetic route to control internal fiber structure (e.g. pore size distribution)
in the porous carbon fiber. Different kinds of pores (micro-, meso-, macro-) can be
generated with variations of precursor options. In addition, the electrospinning
parameters and the carbonization temperature are responsible for the final carbon fiber
diameter, surface morphology, the degree of graphitization and electrical conductivity,
which affect the capacitance and rate capability of CNFs-based electrochemical
capacitors. Another practical issue is that the CNFs fabricated after carbonization is
usually brittle, and flexible CNFs which can be integrated into the wearable electrical
devices are in great demand in industry. All the above challenges should be overcome
before the industrial application of CNFs as supercapacitors.
Pseudocapacitor, besides EDLCs, is the other type of electrochemical capacitors.
Its operation is based on electrosorption, reduction-oxidation reactions, and intercalation
processes instead of a Faradaic process. Therefore, it possesses intrinsically higher
capacitance and energy density than EDLCs. However, the high cost (e.g. RuO2) and low
conductivity (e.g. MnO2) have limited its potential application [18,19]. Asymmetric
hybrid capacitor, which combines Faradaic and non-Faradaic processes, is a promising
system to exploit both the charge/discharge of capacitive double-layer and that of
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pseudocapacitive materials. EDLCs-type electrode may provide high power density while
pseudocapacitve materials provide high energy density. Investigation into the novel and
rational electrodes design may lead to electrochemical supercapacitors that store more
energy at higher charge/discharge rate.
In this thesis, experiments are designed and conducted based on two different
types of energy storage mechanisms in electrochemical capacitors: double layer charge
capacitance and pseudocapacitance. Tailored nanostructured materials are developed to
enable fast ion transport, high conductivity and high surface area. Apart from the
scientific quest for active materials with high energy density and power density, flexible
EDLCs are also fabricated to realize its incorporation into wearable energy storage
devices.
The thesis presents a brief introduction of the work involving the background and
motivation. In chapter 2, a literature review is provided based on the progress of
electrochemical supercapacitor in recent years. Following the introduction and review
section, in chapter 3, we provide a facile route to fabrication of flexible carbon nanofibers
with hierarchically porous structure via electrospinning. In chapter 4, LiMn2O4
nanoparticles were fabricated with a facile and cost-effective method by using carbon
black as template. An asymmetric supercapacitor was made with the as-prepared
LiMn2O4 nanoparticle as the cathode and the commercial activated carbon as the anode
working in Li2SO4 aqueous solution. In chapter 5, we utilized lignin as carbon precursor
to prepare mesoporous lignin-char. Hierarchically porous carbon with pores at different
scales were obtained after alkali activation. The effects of specific surface area and
hierarchical porous nano-structure on the energy capacity are discussed.

5

1.3 Significance
In the thesis, we present the fabrication processes of three types of active
materials for electrochemical capacitors. The unique hierarchical pore structure and nanostructure exhibit high performance in energy storage. The results will not only be helpful
to the future design of advanced electrode materials and configurations, but also be
beneficial to better understand the physical and chemical processes at the
electrode/electrolyte interface. Ions in the electrolyte cross the pore space onto the
surface of carbon via diffusion, but too small or tortuous micropores may hinder the ion
transport. For the as-prepared carbon nanofibers, both the outer fiber surface and inner
pores can be accessible for charge accumulation through pores on the surface.
Hierarchical macropores/mesopores in the fiber are also beneficial to accelerate the iondiffusion into inner micropores. In the hierarchically porous carbon design, macro-pores,
meso-pores and micro-pores are combined to achieve improved power density and
energy density at the same time: the macro-pores can minimize the diffusion distance, the
meso-pores accelerates ion-transport whereas the micro-pores contributes to the
capacitance values. Cost is another consideration for electrochemical capacitors to meet
demands of energy storage. The utilization of lignin, the major aromatic constituent of
plant and woods, enables potential applications in low-cost energy storage devices. These
electrodes materials are promising candidates for high-performance electrochemical
capacitors.
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Chapter 2 Literature Review

2.1 Overview of supercapacitors
In 1853, Helmholtz showed that electrical double-layer (DL) could be used to
store charge based on the fact that charged electrodes immersed into electrolyte repel the
co-ions and attract counterions in the interface [1]. The first patent on porous carbon
electrodes in sulfuric acid electrolyte to store electrical energy was described in 1957 by
Becker for General Electric [2]. It was believed that high specific capacitances (around 550 µF cm-2) could be obtained for carbons with high surface area in molten salts or
aqueous electrolytes [3]. NEC developed aqueous electrolyte/activated carbon capacitors
as “supercapacitors” in 1971 by licensing the technology of SOHIO [4]. In the following
two decades, Panasonic and ELNA marketed the first generation of EDLCs which were
mainly used for low current applications such as memory backup devices due to
relatively high internal resistance [4,5]. Supercapacitors with low internal resistance were
developed, which were used for the U.S. military applications with the Pinnacle Research
Institute (PRI) in 1982 [6].
Inspired by the work on conventional electrochemical battery, researchers studied
another kind of supercapacitors (pseudopcapcitors) working in a different mechanism.
Pseudocapacitors store energy through electrosorption, redox reactions, and intercalation
processes rather than an electrostatical double-layer charging process in the EDLCs [7-9].
By deposition onto conductive metallic substrates, conducting polymers and transitionalmetal oxides (ruthenium oxide, nickel oxide, iridium dioxide) exhibited a higher energy
density than EDLCs.
9

In 2007, Department of Energy assessed the technologies on electrical storage and
specifically showed the increasing potential of electrochemical capacitors in hybrid
electric vehicle (HEV), portable devices and residential application [10]. Worldwide sales
of supercapacitor reached $400 million in 2010 and it is estimated to be $3.0 billion by
2016 according to Nanomarkets [11]. A number of companies including Ness, Panosonic,
Maxwell, EPCOS and ESMA have successfully marketed commercial ECs. Although
being able to deliver higher power per unit mass (Ragone plot, Figure 2-1), ECs store
lower energy than batteries which are widely used in a large range of electrical
applications. So far, the low energy density of ECs has been considered the main
challenge and a variety of electrodes have been developed to improve the energy storage.
Among them, activated carbons [12], carbon aerogels [13], carbon nanotubes [14],
graphenes [15] and carbon nanofibers [16] were investigated as ECs electrodes due to
their high electrical conductivity, stable physiochemical properties and versatility of
nano-structures. Recently, different kinds of porous structures (micro-, meso-, macro-)
have exhibited potential in improving the capacitance by either raising specific surface
area or minimizing ion transport resistance [17,18]. The accessible submicrometer pores
in the hierarchical porous structures may place an important role in enhancing the energy
density of porous carbons, especially those templated carbon materials.

10

Figure 2-1 Ragone plot of energy storage and conversion devices

Many researches focus on the design of composite electrodes or asymmetric
hybrid capacitors, which can mitigate the disadvantages of EDLCs and pseducapacitors
to reach higher energy density. Companies such as Fuji Heavy Industry, ESMA and
CSIRO are also developing asymmetric hybrid capacitors for commercial devices [19-21].
Fundamental understanding and rational design of ECs will lead to a significant
increase of energy density while maintaining the feature of high power density. The study
upon tailored porous structure, surface functionality, electrodes design is desirable to
convert the potential of ECs into applications in energy storage field.

2.2 Principles of supercapacitors
Conventional capacitors consist of two electrodes separated by one insulating
dielectric. When a voltage is applied to the system, charges of opposite polarity
accumulate on the surfaces. Thus energy is stored in the form of electric field. The
schematic of capacitors is illustrated in Figure 2-2.
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Figure 2-2 Schematic of a conventional capacitor

The capacitance of an ideal capacitor is a constant and it is defined as the ratio of
accumulated charge Q to the applied voltage V.
(2-1)
In the parallel-plate model, the capacitance C of two parallel plates separated
(separation D) by a dielectric (permittivity ε) over an area A is
(2-2)

ε

The maximum energy stored in a capacitor with a voltage U loaded between the
two plates is given by [22]:
(2-3)
The power (Pmax) is calculated by equation [3]:
(2-4)
Where R is the equivalent series resistance (ESR). Electrodes, dielectric materials and
current collectors all contribute to the ultimate resistance.
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Figure 2-3 Schematic of an electrochemical double-layer capacitor

In the same way as conventional capacitors store electrical charges between two
electrodes, supercapacitors accept and deliver charges by a potential applied during
charging/discharging process. Actually, there’s a much thinner “dielectric” and much
higher surface area in supercapacitor which distinguishes them from conventional
capacitors. According to equation 2-2, capacitance is much greater for capacitors with a
high permittivity ε, a higher surface area A and a shorter distance d. Typically, activated
carbon has an extremely high surface area up to 1000~3000 m2g-1 [ 23 ]. For
electrochemical double-layer capacitors, the double-layer distance is as thin as only a few
angstroms (0.3~0.8 nm) [24,25]. As a result, supercapacitors store almost 10~100 times
more energy per unit mass than conventional capacitors (from equations 2-2 and 2-3).
Figure 2-3 is the schematic of EDLCs which provides some physical features different
from conventional capacitors in Figure 2-2.
As referred to above, Ragone plot (Figure 2-1) is a useful tool to compare energy
density as well as power density together among different energy storage devices.
Supercapacitors, with a higher energy density than conventional capacitors and higher
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power density than batteries bridge the gap between conventional capacitors and
rechargeable batteries.

2.3 Two mechanisms of supercapacitor

Figure 2-4 Taxonomy of supercapacitor

There are primarily two types of charge mechanisms for the operation of
supercapacitor [26]. The design of the first generation of commercial ECs since its
discovery is based on the principle of double-layer capacitance. Another form of ECs,
pseudocapacitors store energy due to Faradaic electron charge transfer. The energy
storage of hybrid capacitors is partially from non-Faradaic capacitance and partially from
Faradaic capacitance. In other words, it’s a combination of these two mechanisms.

2.3.1 Electrochemical double-layer capacitors
EDLCs store charge electrostatically without charge transfer between electrodes
and electrolyte, similar to those conventional capacitors except that the double-layer
thickness is only of a single molecule. As it means literally, “double-layer” is composed
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of two layers of charges: one is in the surface lattice structure of the electrode and the
other one is solvated ions in the electrolyte. The two layers are charged with opposite
polarity and separated by a monolayer of solvent molecules (inner Helmholtz plane). Due
to the fact that the interaction between these two layers is physical electrostatic forces
rather than chemical bonds the lifetime of EDLCs is unlimited in principle, which stands
out compared with that of batteries (typically 400~1200 cycles for lithium-ion battery).
The ions in double-layers move through diffusion in the electrolyte. As a result, the
moving speed of ions in the electrolyte and the porous structure of the electrodes both
contribute to the resistance of the EDLCs. In the case of EDLCs with insignificant
resistance, the capacitance can be described by the equation below:
⁄

⁄

∗

/

(2-5)

Where F/m2 is the capacitance per unit area of active surface and m2g-1 is the specific
surface area. The value of capacitance per unit area is as high as 0.15~0.3 Fm-2 because
of the extremely thin double layer distance (0.3~0.8 nm) [7]. Specific capacitance can
reach 150~300 Fg-1 for EDLCs with surface area at 1000 m2g-1 (typical value for
activated carbon). Equation (2-5) is not considered applicable for EDLCs with high
surface area most contributed by small pores (<1 nm) which can’t be accessed by ions in
the electrolyte [27].
Overall, surface characteristics that can limit the performance of EDLCs are listed
below:
(1) electrical conductivity;
(2) specific surface area;
(3) pore size distribution;
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(4) interconnection of porous structure;
(5) wettability.

2.3.2 Pseudocapactitors
Alternative to EDLCs, pseudocapacitors store charges faradaically by electron
charge-transfer

involving

redox

reactions,

intercalation

(doping/undoping)

or

electrosorption. The charge transferred in this mechanism is voltage-dependent due to
thermodynamic reasons. The average capacitance can be calculated from:
/

(2-6)

Where Q and U are the total charge accumulated and voltage range respectively for
charging/discharging processes.
The charge transfer processes take place at the interface and in the bulk near the
surface for pseudocapacitors and thus the specific capacitance often exhibit higher energy
densities than EDLCs (10-100 times [28]). Common materials used for pseudocapacitors
are metal oxide (RuO2, MnO2 and so on) and conducting polymer (polyaniline PANI,
polypyrrole PPy, etc.). RuO2 has shown excellent performance, but the high cost and
toxicity of RuO2 hinders its practical purposes [29]. As for other metal oxide (typically
MnO2), the performance suffers poor electrical conductivity and dissolution effect [30].
For conducting polymers, improvement in redox stability is required by alleviating the
mechanical stress occurring during swelling and shrinking cycles [31].
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2.3.3 Hybrid capacitors
Classified by the electrode configuration, hybrid capacitors primarily consist of
composite, asymmetric, and battery-type.
Composite-type

capacitors

incorporate

carbon

materials

with

metal

oxide/conducting materials. The component of carbon materials is able to not only
provide a conductive framework with high specific surface area but also contribute
double-layer capacitance. Furthermore, conducting polymer or metal oxide can enhance
the total energy density through pseudocapacitance mechanism [32].
Asymmetric capacitors combine the two energy storage mechanisms for ECs by
utilizing different materials for positive and negative electrodes. Generally, carbon
materials with high hydrogen evolution overpotential are used as anode and conducting
polymer or metal oxide as cathode [33]. This design of electrodes can enlarge the
operating window in aqueous electrolyte and eventually improve the energy density
according to equation (2-3). The electrode configuration of battery-type capacitors is
similar to that of asymmetric capacitors except the utilization of battery-type electrode as
cathode instead of conducting polymer/metal oxide.

2.4 Electrode materials
Managing functionality, porous structure and electrical characteristics of ECs is
key for application of supercapacitors. Electrodes with high electrical conductivity,
physicochemical stability, high specific surface area, environmental friendliness and low
cost are preferred to construct energy storage devices. A variety of active materials have
been reported to date with their specific benefits and challenges.
17

2.4.1 Carbon
Carbon is the most commonly used electrode component for ECs. The advantages
of carbon materials are listed below:
(1) high specific surface area;
(2) high conductivity;
(3) high temperature stability;
(4) high corrosion resistance;
(5) versatility of carbon forms and nanostructures ;
(6) low cost
Activated carbon

Activated carbon is the most widely used electrode material

in commercial supercapacitors. Activated carbon is usually derived from biomass and
charcoal and is considered as a cost-effective material in energy storage application.
Upon different carbonization/activation temperatures, activated carbon consists of
amorphous carbon, ordered graphite, and materials with different levels of graphitization.
A broad range of pore sizes, micropores (<2 nm), mesopores (2-50 nm) and macropores
(>50 nm) can be developed by activation of carbon materials, though the pore structure is
ill-defined and unoptimized. The pores within activated carbon are highly tortuous with a
random pore size distribution, which can limit ion transportation. Theoretically, the
double-layer capacitance of EDLCs partially relies on the specific surface area of the
activated carbons. However, empirical evidence shows that not all of the surface area
contributes to the capacitance improvement, which is explained by the inaccessibility of
the microporosity developed during activation [ 34 ]. Methods to develop an inter18

connected porous framework with tailored pore sizes are needed for further utilization of
activated carbon.
Templated carbons

The template method allows for the preparation of carbons

with well-defined and interconnected porous structure. Two types of templates, soft
template and hard template are used to create pores into carbon precursor. The hard
template method involves the incorporation of carbon precursor into a prepared porous
template, carbonization of the composite and removal of the template. Alternatively, the
soft template approach involves introduction of surfactants to carbon precursor. In both
cases of the above two methods, the carbon precursor turned out to be carbon framework
with well-defined pore size, which proved to be able to expedite ion diffusion and
trapping of ions in micropores near larger pores [35]. As a result, a higher energy density
could be achieved while maintaining a good rate capability.
Graphene

Graphene possesses a unique single-layer two-dimensional structure

with a high surface area, high mechanical strength and excellent electric conductivity
(~200 Sm-1). Wang et al. fabricated graphene electrode as ECs of a high capacitance of
205 Fg-1 [36]. In 2007, Department of Energy assessed the technologies on electrical
storage and predicted that graphene, due to its metallic conductivity, low-weight and
excellent corrosion resistance, may act as carbon current collector which can be
assembled directly with porous materials to obtain a fundamental decrease in ESR values
[10]. Furthermore, graphene also exhibit flexibility and transparency properties. Yu et al.
reported on a thin-film of graphene (25 nm) with 70% optical transparency as ECs [37].
Carbon nanofibers

Carbon nanofibers can be fabricated by a simple and cost-

efficient approach: electrospinning. As a one-dimensional nanostructure, carbon
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nanofiber can facilitate charge transport [38] and can also serve as a substrate to integrate
with pseudocapacitive materials to enhance energy density.

2.4.2 Pseudocapacitive materials
Transition metal oxides that can be used as ECs include ruthenium dioxide
(RuO2), manganese dioxide (MnO2), vanadium pentoxide (V2O5), iron oxides (Fe3O4)
and tin dioxide (SnO2). Metal oxide exhibits a sequence of redox reactions to form an
almost rectangular CV curve due to a number of oxidation states at different potentials. In
contrast, conductive polymers exhibit current peaks at specific redox potentials.
Metal Oxides….RuO2 is a promising electrode material due to its good electrical
conductivity, reversible redox reactions, very high capacitance. It was reported as ECs of
capacitance up to 750 Fg-1 [39]. However, high cost of RuO2 capacitors and potential
safety hazards limit its commercial uses in ECs. There has been great interest in MnO2
with lower cost and less safety hazards. The charging mechanism involves surface
adsorption of cations and proton intercalation [40]:
↔

(2-7)

Where M+ is Na+, K+…
MnO

δH

δe ↔ H MnO 0

δ

0.5

(2-8)

The capacitance is strongly limited by the poor conductivity of MnO2 (10-5~10-6 S
cm-1). In addition, only the top layers of thick films of MnO2 is accessible to protons in
the interface [41]. To date, there has been great interest in developing composites of
MnO2 and porous carbon materials as substrate with a high surface area and good
electrical conductivity [42].
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Conducting polymers include polyaniline (PANI), polypyrrole (PPy) and so on.
They have a high capacitance, good conductivity and low cost. The specific capacitance
was reported to be more than 400 Fg-1 [43]. However, electrodes of conducting polymers
suffer poor cycling stability. Some considered that the mechanical stress on the electrodes
caused swelling, shrinking and cracking of the polymer. In the same way as MnO2
incorporates with carbon substrate, the cycling stability of conducting polymers can be
maintained by addition of carbon materials [44].

2.5 Electrolyte
Electrolyte is classified into two types: aqueous and organic electrolyte.
Conductivity, operational potential window, corrosion are all critical factors to be
considered in different electrode designs. Aqueous electrolytes possess advantages of a
high conductivity (0.8 Scm-1 for H2SO4) and low cost. According to thermodynamics, the
potential window of aqueous electrolyte is relatively narrow (1.2 V). Organic electrolyte
allows for higher voltage window above 2 V (2V~2.7 V). The enlarged potential applied
can improve the energy density due to the quadratic relation between potential and
energy density (equation 2-3). Notable for organic electrolyte is a higher specific
resistance compared to aqueous electrolyte (almost 20~50 times [45]). As a result, the
higher resistance decreases specific power density (equation 2-4).
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2.6 Evaluation of supercapacitor performance
Quantitative testing methods for ECs primarily include cyclic voltammetry,
charging/discharging test, electrochemical impedance spectroscopy and durability test.
All the discussed electrochemical information such as resistance, capacitance, peak
current, voltage window are determined by the structure, materials, stability of electrodes
and electrolyte in specific designs.

2.6.1 Cyclic voltammetry
By loading a variable electrode potential linearly and cyclically versus time on the
working electrode, the curve of the current versus the applied voltages is collected. An
ideal capacitance exhibits a rectangle shape CV shape. The capacitance at a certain
time/voltage is related with the charging current:
C

(2-9)

Where i is the capacitive charging current and v is the scan rate in the experiment.
The capacitance can be calculated by equation [46]:
(2-10)

∆

Where ∆ is potential change across the cell.

2.6.2 Constant current charge-discharge test
Specific capacitance can also be estimated well from charge-discharge tests.
When a constant current density i is applied, a potential difference between two
electrodes is developed. The capacitance can be calculated by equation:
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∆

(2-11)

∆

An ideal capacitance exhibits skew lines in charge-discharge test. Generally, the
potential of pseudopcapacitive process matches that of peak-current in CV curve.

2.6.3 Electrochemical impedance spectroscopy
Impedance measurement is useful to understand the electrochemical behavior of
the electrode. In the Nyquist plot, an ideal capacitor exhibits a vertical line along the
imaginary axis at lower frequency. For electrochemical capacitors, it turns to be a skew
line with a finite slope resulted from Warbug impedance which is related with the mass
transfer resistivity (distributed resistance/capacitance in a porous electrode). The
capacitance can be estimated by equation [47]:
(2-12)

∗

2.6.4 Durability Test
EDLCs have potential to undergo for more than 106 charge-discharge cycles
without significant capacity loss. The excellent stability comes from the electrostatic
charge storage principle and it gives supercapacitor great advantages over batteries. The
cycle life and capacity retention ratio are important criteria for comparison of different
electrode design for ECs.
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Chapter 3 Hierarchically Porous Carbon Nanofiber as Flexible Electrode for
Symmetric Supercapacitor

3.1 Background and introduction
Electrochemical double layer capacitors (EDLCs) possess unique characteristics
such as high power density and ultrafast charge-discharge nature that are suitable in
electric vehicles, power grid and pulse current supply applications [1,2]. The basic
principle underlying in EDLCs is the accumulation of charges at the electrolyte/electrode
interface. Several carbon materials, including carbon nanotubes (CNTs), graphene,
mesoporous templated carbons, and carbon nanofibers are investigated due to their good
physicochemical stability and electrical conductivity. In order to obtain high porosity and
specific surface area that enhance the specific surface area of those carbon materials,
various physical and chemical activation approaches were often employed. However, the
narrow bottle-necks, random connections and the closure characteristic in activated
carbons make a large portion of micropores inaccessible and retard the ion transport
limiting the power density of EDLCs [3-6]. Hence, the energy storage performance can
be enhanced by designing hierarchically porous carbons [7,8], in which the macropores
and mesopores in the carbon framework minimize the ion transport resistance and ion
diffusion distance. Wu et al. fabricated three-dimensional graphene-based frameworks
with macropores derived from hydrothermally assembled 3D graphene aerogels and
mesopores generated by the silica networks, which showed a high specific capacitance of
226 Fg-1 [9]. Another approach to fabricate hierarchically porous carbon is to generate
porosity at gradient length scales in one simple step by template removal. Wang et al.
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reported on the fabrication of 3D aperiodic hierarchical porous graphitic carbon material
featured macroporous cores, mesoporous walls and micropores using Ni(OH)2/NiO as
template, which achieved high capacitance retention (90%) at 100 mVs-1 [10]. However,
the electrode preparation remains very complicated in terms of the additional mass
loading, homogeneity of binder and conductive agent.
Self-sustained and porous carbon nanofibers (CNFs) hold significant promise for
efficient and high-energy-storage supercapacitors. Electrospinning is a simple and costeffective way to fabricate non-woven CNFs mats with high specific surface area and
good conductivity [11]. Recent experiments have probed the electrochemical properties
of porous CNFs by incorporation of other sacrificial agents with polyacrylonitrile (PAN)
which is widely used as precursor due to its relatively high carbon yield [12] and good
spinnability in solution [13,14]. Tran et al. electrospun PAN with sacrificial Nafion and
obtained a high surface area (1600 m2g-1) with large fraction of mesopores (2-4 nm) that
showed a capacitance of 210 Fg-1 in 1M H2SO4 [15]. Kim et al. prepared porous CNFs
using zinc chloride as sacrificial agent and achieved relatively high specific surface area
(550 m2g-1) and capacitance of 140 Fg-1 in 6M KOH solution [16].
In our approach, we show that flexible, self-sustained and hierarchically porous
CNFs can be fabricated using terephthalic acid (PTA) as sacrificial agent. The nanofiber
was obtained with an electrospinning technique, as shown in Figure 3-1. After
sublimation and carbonization, the electrospun mat was converted to a hierarchically
porous carbon framework. The key to this structure is that a macroporous network is
distributed in the entire carbon nanofibers, while a highly hydrophilic surface is
maintained so that the ions can access all the surface of CNFs. The porous carbon
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electrodes show a high specific capacitance of 231 Fg-1 with good rate capability and
excellent cycle performance.

3.2 Experimental section
3.2.1 Electrode preparation
0.9 g polyacrylonitrle (PAN) and 0.6 g terephthalic acid (PTA) were dissolved
into 10 g Dimethylformamide (DMF) while stirring and heating at 85°C for 2h. The
homogeneous precursor was put into a plastic syringe and the electrospinning was
conducted in a homemade apparatus. The applied voltage was 15 kV and the distance
between the needle (25 gauge) and metal collector was 15 cm. A constant feeding rate of
0.5 mlL-1 was used to supply the precursor. The as prepared fiber mats were first
stabilized at 280°C in air at a heating rate of 1°Cmin-1. Then, it was carbonized in
nitrogen at 800°C at a rate of 2°Cmin-1 and held at 800°C, 900°C or 1000°C for 2h,
respectively. In order to make the carbon nanofiber hydrophilic, the CNFs were heating
to 300°C in air for 1h. The as-prepared flexible carbon nanofibers were denoted as
FCNF-800, FCNF-900 and FCNF-1000, respectively. Similarly, electrospun fiber from
pure PAN precursor was stabilized at 280°C followed by carbonization at 900°C for 2h
and labeled as CNF-900.

3.2.2 Characterization of the carbon fiber
The morphology and structure of the carbon nanofibers were observed with a
field-emission scanning electron microscope (FE-SEM) (JEOL 7600F) and a
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transmission electron microscope (TEM, JEOL JEM 2100F). The specific surface area
and the pore size distribution of carbon nanofibers were measured by Nitrogen adsorption
at 77 K with a Micromeritics ASAP 2020 system. The chemical status of elements was
analyzed with X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe system,
Physical Electronics). Nitrogen adsorption and desorption isotherms, specific surface area
and pore size distribution of carbon nanofibers were measured using an ASAP 2020
instrument (Micromeritics inc.) . The crystalline structure of the carbon nanofibers was
characterized using a PANalytical X-ray diffraction (XRD) instrument (Cu kα source).

3.2.3 Electrochemical testing
The self-sustained carbon nanofibers were cut to 1cm×1cm pieces and the mass
of each piece was about 3mg. All the electrochemical data was collected with Solartron
1287/1260 electrochemical system. For the three-electrode cell experiments, Ag/AgCl
was used as the reference electrode and Pt as the counter electrode in 6M KOH aqueous
electrolyte.
The symmetric two-electrode cell measurement was performed using a split test
cell from MTI Corp (EQ-STC) with 6M KOH solution as electrolyte and a filter paper as
separator. The potential sweep rates were from 10 to 200 mVs-1 and the galvanostatic
charge/discharge measurements were performed with current densities from 500 mAg-1 to
20 Ag-1. Nyquist plots were obtained in the frequency range from 100 kHz to 0.01 Hz
with an AC voltage of 10 mV under open circuit conditions. The specific capacitance in
the two-electrode cell can be calculated by the following equation:
∆

(3-1)

∆
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Where I is the current (A), ∆t is the discharging time, m is the mass of the single
electrode and ∆ is the voltage window. The energy density E (Whkg-1) and power
density P (Wkg-1) were evaluated using the following equations:
∗

∗

/ 2

∗

∗ 3.6

(3-2)
(3-3)

∆

3.3 Results and discussion

Stabilization and
Carbonization

Figure 3-1 Schematic illustration of hierarchical porous structure of carbon nanofiber.

33

aa

b

c

d

e

f

Figure 3-2 (a) Photograph of the flexible and hierarchical porous CNF. (b) SEM image of carbon
nanofibers of sample FCNF-900. (c) SEM image of two parallel, round carbon nanofibers of sample FCNF900 with pores on surfaces. (d,e,f) TEM images of individual carbon nanofibers of sample FCNF-900.
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Figure 3-3 (a) N2 adsorption-desorption isotherm of carbon nanofibers.(b) density functional theory (DFT)
pore size distribution

Table 3-1 Data summary of the N2 adsorption-desorption analysis for porous carbon nanofibers.
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Figure 3-4 XRD patterns of carbon nanofibers.

The as-prepared FCNF exhibits excellent flexibility and the bending angle reaches
180o as shown in Figure 3-2(a). Furthermore, it can also be folded to several layers and
restored to the original state. The adorable flexibility was ascribed to the macropores
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which alleviate the strain across the fiber when force is loaded [17]. Figure 3-2 (b) shows
the SEM image of the as-prepared carbon nanofibers of FCNF-900 after calcination with
diameters around 200 nm. A high-resolution SEM image (Figure 3-2 (c)) reveals a rough
fiber surface with large mesopores/macropores randomly distributing across the carbon
surfaces, which help accelerate ion transport since they could make high surface area
contact of the inner structure of the fiber with electrolyte during electrochemical
measurement. The large pores across the whole fiber surface are also examined by
transmission electron microscopy (TEM). Figure 3-2 (d,e,f) clearly shows an
interconnected porous structure of mesopores/macropores. These inner pores were
created by the sublimation of terephthalic acid at around 402oC and those large pores on
fiber surfaces were the outlets for the sublimated gas to exit.
Figure 3-3 (a) shows the nitrogen adsorption isotherms at 77 K of all samples.
The isotherms of FCNF samples are type IV curves [18], indicating a micro-mesomacroporous characteristic. From the density function theory (DFT) pore size analysis,
two regions can be observed in figure 3-3 (b) for all FCNF samples: micropores (< 2 nm),
mesopres (2-16 nm). Meanwhile, macropores (> 50 nm) can be identified in the TEM
images (Figure 3-3 (d)). The porosity properties of all samples are summarized in Table
3-1. The specific surface area (SSA) of FCNF samples has a tendency to increase with
increasing carbonization temperature from 800 to 1000 oC. Both the specific volume and
surface area of FCNF samples are much higher than those of CNF sample.
After carbonization at temperatures higher than 800°C, the carbon nanofibers got
graphite as shown as the bumps at around 25o in XRD patterns for all nanofiber samples
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(Figure 3-4). The complete graphitization of carbon nanofibers ensures the high electrical
conductivity as electrode materials.
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Figure 3-5 The detail scan of N1s of (a) FCNF-1000, (b) FCNF-900, (c) FCNF-800, (d) CNF-900

Table 3-2 XPS element composition of carbon nanofiber

XPS scans were taken for the samples to examine the surface compositions
(Figure 3-5). Elements C, N, O are present in all the samples and the relative atomic
concentrations are listed in Table 3-2. A gradual increase in carbon content was observed
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when carbonized the electrospun mats at higher temperatures. In contrast, the content of
nitrogen content decreases significantly from 800°C to 1000°C while the content of
oxygen is almost a constant. The intensity of the quaternary peak (~401.1eV) become
stronger than that of the pyridinic peak (~398.3 eV) as the carbonization temperature
increased (Figure 3-5 (a, b, c)). The peaks at 403.0 eV and 400.3 eV are attributed to the
pyridine-N-oxide and pyrrolic/pyridonic nitrogen, respectively.
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Figure 3-6 (a) Three-electrode CV curves of FCNF samples at a scan rate of 50mVs-1. (b) CV curves of
FCNF-900 at different scan rates. (c) Specific capacitance of each sample at different current densities (0.5
Ag-1-20.0 Ag-1). (d) Nyquist plots of the FCNF samples.
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Figure 3-6 (a) compares the CV results of the flexible carbon nanofibers measured
using a three-electrode cell system in 6M KOH aqueous electrolyte. The current density
of FCNF-900 is higher than the other two samples at relatively high scan rate 50 mVs-1.
Figure 3-6 (b) shows the CV curves of sample FCNF-900 at different scan rate from 10
mVs-1 to 50 mVs-1. The CV curve shows nearly rectangular shape at different scan rates,
indicating a good rate capability. FCNF-800 sample exhibited the highest specific
capacitance value (231 Fg-1) as compared with other nanofibers when charged at lower
current density of 0.5 Ag-1, which is probably attributed to rich nitrogen content (Figure
3-5). Hulicova-Jurcakova et al. reported that pyridinic nitrogen can enhance energy
storage by inducing pseudocapacitance [19]. Although the content of pyridinic nitrogen
functionality in CNF-900 is comparable to FCNF-800, the specific capacitance is the
lowest in all the samples (Figure 3-6 (c)). The possible reason could be the poor
accessibility of the large portion of surface area. Randomly distributed pores on the fiber
surface of FCNF-900 as shown in Figure 3-1 (c) connect the inner surface area with the
outer electrolyte. In addition, the macropores in the inner structure of carbon fiber can
serve as “ion-buffering reservoirs” and the mesopores are the ion-transport pathway,
which ultimately decrease the inner-pore resistance. The sharp drop of capacitance of
FCNF-800 at higher charge current density is ascribed to the lower electrical conductivity,
which is evidenced in EIS spectra in Figure 3-6 (d). In contrast, FCNF-900 maintains a
better rate capability than FCNF-800 and exhibits the best capacitance value at high
current density of 20 Ag-1. Electrochemical impedance spectroscopy (EIS) is a useful
characterization technique to investigate the kinetics of electrochemical processes at the
interface of electrode/electrolyte. The semicircle diameter decreases to around 2 ohms

39

representing a rapid charge transport in FCNF-900 and FCNF-1000 with increasing
carbonization temperature (Figure 3-6 (d)). For an ideal capacitance, the EIS line
becomes vertical to the x-axis at lower frequency. The larger slope values representing
Warburg impedance for FCNF-900 and FCNF-1000 reflect fast mass transfer rate in the
pores of fiber. FCNF-900 displays a better capacitance at high current density than the
other samples due to synergic advantages of additional pseudocapacitance from the
nitrogen functional groups, fast ion-transport ascribed to a hierarchical porous structure
and fast charge transfer enhanced by excellent electrical conductivity. Given the similar
porous structure for both FCNF-900 and FCNF-1000 (BET in Figure 3-4 and Table 3-1),
the descending performance in FCNF-1000 is mainly attributed to the loss of pyridinic
nitrogen at higher temperature (XPS in Figure 3-5 and Table 3-2).
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Figure 3-7 Electrochemical performance of FCNF-900 measured in a symmetric two-electrode system. (a)
CV curves at different scan rates. (b) charge/discharge curves of FCNF-900 at different current densities. (c)
specific capacitance at different current densities. (d) Nyquist plot.of the symmetric supercapacitor. (e)
Ragone plot related to energy and power densities.(f) cycling stability at a current density of 10 Ag-1.

The electrochemical performance of the optimized FCNF-900 was also evaluated
by CV and charge/discharge measurements in a two-electrode cell. The scan rate for CV
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curve is from 10 to 200 mVs-1 and the current density for galvanostatic charge/discharge
is from 0.5Ag-1 to 20 Ag-1. “Rectangular shape” of CV curves for all scan rates up to 200
mVs-1 represents an excellent rate capability. The specific capacitance is as high as 174
Fg-1 at 0.5 Ag-1 and it reduces to 140 Fg-1 at 20 Ag-1 with a capacitance loss less than
30%. In contrast, it was reported that commercial activated carbon AC suffers
capacitance loss of more than 75% at high current density [20]. FCNF-900 maintains a
symmetric triangular shape at each scan rate and a low IR drop is observed even at high
current densities (Figure 3-7 (b)). The EIS shape of FCNF-900 in this two-electrode cell
is similar to FCNF-900 in three-electrode measurement (Figure 3-6 (d)) indicating wellconstructed symmetric electrodes with the same mass and area. Furthermore, the
equivalent series resistance (ESR) is only 0.5 Ω, which also contributes to a low IR drop.
Ragone plot provides the evaluation of energy and power density in energy
storage devices (Figure 3-7(f)). The loss of energy density was small when the power
density is high. At a current drain time of 7s, the energy and power densities are 4.9
Whkg-1 and 2500 Wkg-1, respectively. This improved performance is associated with the
unique hierarchical porous structure of FCNF-900. Both the outer fiber surface and innerporous structure can be accessible for charge accumulation along with the help of large
pores on the surface. Macropores/mesopores in the fiber are also beneficial to accelerate
the ion-diffusion into inner micropores.
Figure 3-7(f) shows the cycling stability of FCNF-900 in a two-electrode cell. The
specific capacitance remains 97.6% of the initial value at 10Ag-1 after 1000 cycles
indicating high reversibility of charge-discharge process on the surface of the electrodes.
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3.4 Conclusions
In summary, in the present work we present a flexible carbon nanofiber electrode
with a unique hierarchical porous structure as an adorable supercapacitor. After the
sublimation of sacrificial agent terephthalic acid, randomly distributed pores were created
onto the fiber surface and macropores/mesopores were also developed resulting into an
interconnected porous structure across the carbon nanofiber. Such hierarchical structure
allows fast ion-diffusion into inner pores of fibers, therefore, enhances the accessible
surface area for specific electrolyte ions. The specific capacitance reaches 174 Fg-1 at 0.5
Ag-1 in two-electrode cell and preserves about 76% of capacitance at 20 Ag-1. It’s
important to mention that the as-fabricated hierarchical porous structure could also serve
as an ideal framework to further deposit active material coating on it like commonly used
nickel foam. The porous structure in the fiber not only provides efficient pathways for ion
and electron transport but allows more mass loading of active materials. Thus, the
flexible carbon nanofibers are promising materials in developing energy storage devices
with high performance.
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Chapter 4 Asymmetric Supercapacitors from Nano-architectured LiMn2O4 //
Activated Carbon Electrodes

4.1 Background and introduction
The improvement of energy density of electrochemical capacitors (ECs) while
maintaining high power density and long cycle-life is crucial for their successful
applications in electric vehicles, portable electronics and renewable energy storage. Most
commercial supercapacitors are developed using carbonaceous materials with a specific
capacitance of ~ 4 Fg-1, a power density of 3~4 kW kg-1 and an energy density of 3~4 Wh
kg-1 [1]. According to equation E=½ CV2, the energy density can be raised by expanding
the voltage window or improving the capacitance value. Developing asymmetric
supercapacitor is an effective way to achieve high energy density. Pseudocapacitor
electrodes which store charge via Faradaic process and usually possess greater
capacitance than EDLCs [2-5]. Here, the asymmetric cell voltage can be higher than ~1 V
of EDLCs in aqueous electrolyte [6].
LiMn2O4 shows significant promise as cathode material and is currently the
subject of intensive research owing to its low-cost, environmental safety and abundance
in nature [7,8]. Many investigations have been made on the spinel LiMn2O4 with various
morphologies such as nanoparticles [9], nanotubes [10,11], nanowires [12], nanorods [13],
mesoporous structure [14], hollow micro/nanospheres [15,16], nanohybird material [17].
In these nanosized LiMn2O4 structures, short transport distance can facilitate lithium ion
intercalation/deintercalation; large surface-to-volume ratio can increase electrodeelectrolyte interface. In particular, hollow structures among them can allow for strain
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relaxation in charging/discharging cycles [11,16]. Therefore, nano-architectured LiMn2O4
address capacity fading caused by structural transformation and achieve high power
density due to fast lithium ion diffusion. Tang et al.[10] synthesized LiMn2O4 nanotube
using carbon nanotube as template which delivers a high capacity at 6s-level charge rate
without definite capacity loss after 1200 cycles. Ding et al.[16] also reported that doubleshelled hollow microspheres of LiMn2O4 prepared by a self-template (MnCO3
microspheres) method exhibit a high capacity retention of 80% after 800 cycles at 5C rate.
In this work, we report a facile and cost-effective method to synthesis hollow
LiMn2O4 nanosphere electrode using carbon black as template. This hollow LiMn2O4
nanospheres electrode exhibited a high specific capacitance of 311 Fg-1 and excellent
cycling stability. We fabricated an asymmetric supercapacitor using hollow LiMn2O4
nanosphere as the cathode and activated carbon as the anode working in 0.5M Li2SO4
aqueous electrolyte. The asymmetric supercapacitor cell showed an energy density of
17.8 Wh kg-1 at a power density of 180 W kg-1.

4.2 Experimental section
4.2.1 Electrode preparation
40 mg of carbon black was dispersed in 50 mL of deionic water under sonication
for 2h. 320 mg of KMnO4 was dissolved in 150 mL of deionic water containing 0.1 mL
concentrated H2SO4 (98 wt%). The carbon black suspension and the KMnO4 solution
were mixed together following by heating in an oven at 85 °C until the solution color
turned clear. The resulting precipitates were collected and washed with copious amounts
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of deionized water and dried at 60 °C. The as-prepared powder was dispersed in deionic
water. 17 mg of LiOH·H2O was added under sonication for 1h. After that, the solution
was stirred to evaporate water at room temperature. Then the mixture was collected and
calcinated at 700 °C for 10h in a tube furnace.

4.2.2 Characterization
The morphology and structure were observed with a field-emission scanning
electron microscope (FE-SEM) (JEOL 7600F) and a transmission electron microscope
(TEM, JEOL JEM 2100F). The chemical status of elements was analyzed with X-ray
photoelectron spectroscopy (XPS, PHI 5000 Versa Probe system, Physical Electronics).
The crystalline structure of the sample was characterized with a PANalytical X-ray
diffraction (XRD) instrument (Cu kα source).

4.2.3 Electrochemical characterization
Electrodes were prepared by mixing the as-prepared LiMn2O4 powder, carbon
black and polyvinylidene fluoride with N-Methyl-2-pyrrolidone in a mass ratio of
75:20:5. The obtained slurry was pressed onto nickel foam and dried at 100 °C overnight.
The mass loading of the active material was about 2.0 mg cm-1. Cyclic voltammetry (CV),
galvanostatic charging/discharging, electrochemical impedance spectroscopy (EIS) were
conducted in a Solartron 1287/1260 electrochemical system. The electrochemical
performance was measured in aqueous electrolyte of 0.5M Li2SO4 for both threeelectrode and two-electrode configurations. In the three-electrode system, Ag/AgCl was
use as reference electrode and Pt were used as counter electrode. In the asymmetric two49

electrode configuration, LiMn2O4 was positive electrode and activated carbon (AC) was
negative electrode and they are separated by a filter paper as separator. To achieve charge
balance between these two electrodes in a full-cell, the mass ratio can be calculated by
equation 4-1 [18]:
∆

Equation 4-1

∆

4.3 Results and discussion

Figure 4-1 Schematic illustration of the synthesis of LiMn2O4 nanoparticle.

a

b

Figure 4-2 (a) TEM images of MnO2/carbon composite, (b) TEM images of LiMn2O4 nanoparticle

The synthesis of the hollow LiMn2O4 nanospheres is schematically illustrated in
Firgure 4-1. First, sacrificial carbon black substrate was converted to manganese dioxide
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coating in an acidic KMnO4 solution. The following calcination of the mixture at 700 °C
in air burned off the remaining carbon black in the inner core and thus generated a
LiMn2O4 nanoparticle structure. Figure 4-2 (a) shows TEM image of as-prepared MnO2
coating. The particle size of MnO2/carbon composite is about 150 nm and needle-like
MnO2 coating was distributed on the surface of carbon black substrate. The size of spinel
LiMn2O4 nanoparticle is smaller than that of MnO2 due to the volume contraction during
heat treatment.
Figure 4- (a) shows XRD patterns of LiMn2O4 nanoshell, which confirm the
presence of spinel LiMn2O4 structure. Except LiMn2O4, there is also some minor impure
phase Mn2O3 which is considered to be generated in lithium-deficiency area during heattreatment process1017. The surface compositions of the sample were examined by X-ray
photoelectron spectroscopy (XPS) as shown in Figure 4-3 (b). Two main peaks can be
observed in Mn 2p spectra: Mn 2p3/2 and Mn 2p1/2. The molar ratio of Mn3+:Mn4+ is 3:7.
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Figure 4-3 (a) XRD patterns of LiMn2O4 nanopartile, (b) Mn 2p spectra of LiMn2O4 nanoparticle. The
black line represents the experimental data and the other lines are corresponding to the fitted data.
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Figure 4-4 (a) CV curves of LiMn2O4 electrode at different scan rates, (b) charge-discharge curves of
LiMn2O4 electrode at different current density, (c) specific capacitance of LiMn2O4 electrode, (d) Nyquist
plot of LiMn2O4 electrode

The electrochemical performance of LiMn2O4 electrode was evaluated by CV and
charge-discharge measurements in a three-electrode cell with 0.5M Li2SO4 as electrolyte.
Figure 4-4 (a) shows the CV curves of the LiMn2O4 electrode at different scan rates. Two
pairs of strong redox peaks corresponding to spinel LiMn2O4 can be identified in the
curves indicating that the mechanism of energy storage is mainly pseudocapacitance of
spinel LiMn2O4. At a scan rate of 1 mVs-1, the peak current potentials are 0.76/0.70 V,
0.91/0.82 V respectively. The charge-discharge reactions involving lithium ion’s
insertion and extraction at these two pairs of potentials are shown in Equation 4-2 and
Equation 4-3, respectively [19,21]:
⇌

1

2 O4

x

x

0
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Equation 4-2

⇌
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2 O4

x

x
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Equation 4-3

The pair of weak redox peaks, appearing at 0.56 and 0.35 V for the anodic and
cathodic peaks respectively, can be attributed to the minor phases of manganese dioxide
[22]. Charging-discharging measurements were performed at various energy density of 2,
3, 5, 10 Ag-1 (Figure 4-4 (b)). From the charging-discharging results, specific
capacitances of the LiMn2O4 nanoparticles electrode at different current density are
shown in Figure 4-4 (c). The electrode exhibits a high capacitance of 311 Fg-1 and it
retains 234 Fg-1 at a high current density of 10 Ag-1. The high capacity of energy storage
can be attributed to the well-dispersed LiMn2O4 nanoparticle across the electrode. This
structure facilitates the fast lithium intercalation and extraction in the spinel LiMn2O4.
The Nyquist plot of the three electrode system is shown in Figure 4-4 (d). LiMn2O4
electrode in 0.5M Li2SO4 has an equivalent series resistance (ESR) of about 5.3 Ω
suggesting a high charge-transfer rate at the electrode/electrolyte interfacial.
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Figure 4-5 (a) Comparative CV curves of LiMn2O4 electrode and activated carbon (AC) electrode in a
three-electrode configuration at 10 mVs-1, (b) CV curves of LiMn2O4//AC asymmetric supercapacitor
performed at different potential window (scan rate: 50 mVs-1), (c) CV curves of LiMn2O4//AC
supercapacitor at different scan rates, (d) galvanostatic charging-discharging curves of LiMn2O4//AC
supercapacitor at different current density.

Both CV curves of LiMn2O4 and activated carbon electrodes are shown in Figure
4-5 (a). These two electrode materials are stable in aqueous 0.5M Li2SO4 electrolyte
within different potential ranges which can be summed up to form a wide potential
window in a full-cell.
A LiMn2O4//AC asymmetric supercapacitor was developed to evaluate the
capacitive performance in a full cell. The mass ratio of negative electrode to positive
electrode is 3.2:1 according to Equation 4-1. As shown in Figure 4-5 (b), CV
measurements were performed at different potential window to estimate the highest
potential window applied in the full cell. Apparently, more redox peaks occur with an
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increase of the potential window from 1.4V to 1.8V. At the highest operating potential
1.8V, both two pairs of redox peaks contributed by pseudocapacitance of positive
electrode LiMn2O4 are present, promising a higher energy density according to equation
E=½ CV2. Figure 4-5 (c) shows the CV measurements at different scan rates under the
same potential window of 1.8V. All these CV curves exhibit potential-dependent currents
at different scan rates which is different from carbon-based EDLC symmetric
supercapacitors. The galvanostatic charging-discharging plots at different current
densities are shown in Figure 4-4 (d).
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Figure 4-6 (a) Ragone plot of LiMn2O4//AC asymmetric supercapacitor, (b) cycle performance of
LiMn2O4//AC asymmetric supercapacitor with a potential window of 1.8V at current density of 10 Ag-1 in
0.5M Li2SO4 aqueous electrolyte.

Figure 4-6(a) presents the Ragone plot of the LiMn2O4//AC asymmetric
supercapacitor derived from the discharge curves at various charging-discharging current
densities. The corresponding energy density reaches 17.8 Wh kg-1 when the power
density is 180 Wkg-1. The energy density is much higher than that of AC//AC symmetric
supercapacitor at the same power density in 0.5 M Li2SO4 solution. The cycling stability
is another requirement for supercapacitors. The cycle performance of LiMn2O4//AC
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asymmetric supercapacitor was performed for 1500 cycles by repeating chargingdischarging between 0 and 1.8V at 10 Ag-1.Figure 4-6 (b) shows that this asymmetric cell
exhibits excellent cycling stability without significant capacity loss after 1500 cycles.

4.4 Conclusions
In conclusion, LiMn2O4 nanoparticle was fabricated by a facile and cost-effective
method using carbon black as sacrificial template. An asymmetric supercapacitor based
on LiMn2O4 as positive electrode and activated carbon as negative electrode exhibits
moderate energy density and excellent capacity retention in a cycling stability test.
LiMn2O4-based asymmetric supercapacitor is a promising candidate for energy storage
applications.
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Chapter 5 Lignin-derived Hierarchically Porous Carbon Prepared by a Selfassembly Method for Electrochemical Supercapacitor

5.1 Introduction
Electrochemical double layer capacitors (EDLCs), with the features of high power
density and excellent cycling stability, have a variety of applications in many fields
including mobile devices, uninterruptable power supplies and electric vehicles. However,
the energy density of EDLCs is low with a measured density of 5~10 Whg-1, while it’s
20~35 Whkg-1 for the lead acid batteries [1]. Ions in the electrolyte cross the pore space
onto the surface of carbon by diffusion, but too small or tortuous micropores may hinder
the ion transport. Although successful synthesis of mesoporsous carbon by template
method and microporous carbon by alkali activation have been reported [2,3], the barrier
of capacitance enhancement and supercapacitor application are situated deep in the
synergistic effect among pores of multi-scales and cost of materials or preparation. The
macropores are considered to be ion reservoirs to shorten diffusion distance. The
mesopores are the ion transport passways to decrease resistance. The micropores can
enhance the electric double layer adsorption. Hierarchically porous carbon has been
proposed as a potential material for EDLCs and explored for years [4].
Self-assembly offers an alternative template strategy other than hard template
method which requires multiple steps as well as corrosive hydrofluoric acid or strong
potassium hydroxide. Organic-organic self-assembly method allows the direct formation
of mesoporous polymer composite from carbon precursor and block copolymer, which
can be converted to mesoporous carbon via carbonization. A variety of carbon precursors
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including phenol, resorcinol, phloroglucinol have been applied to prepare porous carbons.
These organic precursors, however, may not be ideal for their fluctuation price. Utilizing
low-cost natural product has been suggested as an effective way to meet continuous
energy demands and enhance the recyclability of natural carbon sources.
Lignin, the major aromatic constituent of plants and wood [5], has recently been
the focus of intense research activity [6-9]. With a variety of hydroxyl functional groups
in the crosslinked macromolecular material, lignin show similar structure and reactivity
as phenolic resin, which provides an attractive potential to replace phenolic resin in
porous carbon synthesis. Breakthrough in lignin utilization will also convert it into valueadded products in papermaking and biorefinery industries.
Here, we report an organic-organic self-assembly method to prepare mesoporous
lignin-char (MLC). We obtain — by creating additional nanoscale pores with alkali
activation (KOH) in the mesoporous MLC—hierarchically porous carbon (HPC) with
pores at different scale, as characterized by microscopy and Brunauer-Emmett-Teller
(BET). We observed a significant effect of temperature and KOH/MLC ration on the
electrochemical performance. Appropriate pore size distribution can provide high power
density and high energy density, combined with short diffusion distance and minimized
the electric resistance. Through the investigation of porosity of the carbon electrode, we
determined the optimized preparation conditions. The high performance of this biomass
promised potential applications in low-cost supercapacitors devise.
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5.2 Experimental section
5.2.1 Synthesis of lignin-derived hierarchically porous carbon
Chemicals. Amphiphilic Block Copolymers Pluronic P123 (EO20-PO70-EO20),
Lignin (alkali), were purchased from Sigma-Aldrich Inc. Formaldehyde solution (37 wt%)
were purchased from Macron Corp. Potassium hydroxide (95~100 wt%)were purchased
from BDH corp. Ethanol were supplied by Avantor corp. All reagents were used as
received without any further purification. Deionized water was used in all of the
experiments.
Synthesis. 1.0 g of lignin (alkali) in methanol (4 g) was stirred for 1h and then
P123 (1.0 g) dissolved in 5 g methanol was added dropwise under stirring. 1.8 g of
formalin (37 wt % formaldehyde), 1.0g of methanol containing 1mmol HCl were added
dropwise, respectively. After further stirring for 12 h at room temperature, the final
methanol solution was poured into dishes to evaporate methanol at room temperature for
8h and kept in the oven at 100°C for 12h. Then, gel-like film was collected and ground
into fine powder. The powder was transferred into a tube furnace and heat-treated to 700
(heating rate: 1

min-1 below 600

and 2

min-1 above 600 ) and held at 700

for 2h

in N2 atmosphere. The obtained char was sonicated in 6M HNO3 for 2h to remove the
impurities and endow the surface with hydrophilic functional groups. After being washed
and dried the mesoporous char was collected and labeled as MPC. The as-prepared MPC
was mixed with KOH at weight ratio of 1:3 and heated to 700
held at 700

at a rate of 5

min-1 and

for 1h in N2 atmosphere. The product was washed in diluted HCl and

deionized water repeatedly. The dried product is denoted as HPC.
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5.2.2 Material characterization
The morphology and structure of the samples were investigated with a fieldemission scanning electron microscope (FE-SEM) (JEOL 7600F) and a transmission
electron microscope (TEM, JEOL JEM 2100F). Nitrogen adsorption measurements were
carried out using a Micromeritics ASAP 2020 analyzer at 77K. The pore size
distributions were obtained by density functional theory (DFT) in the software.

5.2.3 Electrochemical testing
The working electrode was prepared by mixing 90 wt.% of the as-prepared carbon
materials and 10 wt.% of polyvinylidene fluoride (PVDF) in N-methylpyrrolidinone
(NMP) solvent. The slurry was pressed onto Nickel foam and dried at 100C overnight.
The weight of active material was about 2 mg. The electrochemical measurements were
performed on a Solartron 1287/1260 electrochemical system. In the three-electrode cell,
Ag/AgCl was used as reference electrode and Pt as the counter electrode in 6M KOH
aqueous solution.
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5.3 Results and discussion

Figure 5-1 Schematic illustration of MPC and HPC fabrication

As shown in Figure 5-1, the synthesis procedure includes three major steps:
organic-organic self-assembly, carbonization, and activation. The SEM and TEM images
of MPC and HPC are shown in Figure 5-2. Rough surfaces are observed in both the SEM
images of sample MPC and HPC (Figure 5-2 (a,b)). The TEM images (Figure 5-2 (c,d,e))
reveal the disordered mesopore structure which is expected to expedite the kinetics of ion
diffusion [10]. Micropores around mesopores are visible in Figure 5-2 (f) due to alkali
activation.
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a

b

c

d

e

f

Figure 5-2 SEM images of sample (a) MPC, (b) HPC. TEM images of sample (c,e) MPC; (d,f) HPC
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Figure 5-3 (a) Nitrogen sorption isotherms of sample MPC and HPC. (b) DFT Pore size distribution of
sample MPC and HPC
Tabel 5-1 pore structure parameters of MPC and HPC

N2 adsorption method is used to further characterize the porous structure of the
as-prepared MPC and HPC. As shown in Figure 5-3 , both isotherms are typical type IV
curves with hysteresis loop closing at P/P0 ~0.4, indicating presence of mesopores, which
is in agreement with the observation from SEM and TEM images. The pore size
distribution curves illustrate hierarchically porous structures with micropores below 2nm
and mesopores above 2 nm. The BET surface area and pore volume are calculated to be
305 m2g-1 and 0.23 cm3g-1, respectively with 61% mesoporosity.
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Figure 5-4 (a) Cyclic voltammograms of MPC and HPC at 50 mVs-1; (b) galvanostatic charge/discharge
curves of MPC and HPC at 5 Ag-1; (c) Cyclic voltammograms of sample HPC at different scan rates; (d)
charge-discharge curves of sample HPC at different current densities; (e) specific capacitances of sample
MPC and HPC at different current densities; (f) Nyquist plots of samples MPC and HPC.

A series of electrochemical measurements were performed to evaluate the energy
storage properties of the lignin-derived porous carbon materials. Figure 5-4 (a)
demonstrates the comparative CV curves of MPC and HPC at a scan rate of 50 mVs-1.
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Two curves exhibit quasi-rectangular shape indicating good capacitive behaviors. The
galvanostatic charge-discharge curves of MPC and HPC at 5Ag-1 are shown in Figure 5-4
(b). Both curves are linear and symmetrical, which are consistent with quasi-capacitive
performance in CV curves CV curves at various scan rates and galvanostatic chargedischarge curves for various current densities are presented in Figure 5-4 (d) and (e),
respectively. All the CV curves in Figure 5-4 (d) exhibit quasi-rectangular shapes and all
the charge-discharge curves are nearly linear and symmetrical, indicating the capacitive
behaviors are well kept even at high scan rates and current densities. The specific
capacitances at different current density are plotted in Figure 5-4 (e). The highest values
of samples MPC and HPC are 187 Fg-1 and 237 Fg-1, respectively, at a current density of
1 Ag-1. The specific capacitance of HPC decreases slowly with increasing current density
and still keep 171 Fg-1 at the high current density of 20 Ag-1, which is 72% of the specific
capacitance at 1 Ag-1. The good rate capability indicates rapid ion transport which may
arise from its unique hierarchically porous structure. Apparently, HPC possesses higher
capacitance than MPC determined either in CV curves or galvanostatic charge/discharge
measurements (Figrue 5-4 (a) and (b)). The better performance of the HPC can be
attributed to more micropores generated in activation compared with MPC. It’s
considered that both micro- and mesopores are of significance in developing highcapacitance materials [11,12], thus a balance between micropores and mesopres is critical
for achieving high energy density and power density [13].
Figure 5-4 (f) shows the Nyquist plot of MPC and HPC at a perturbative
amplitude of 10 mV. The curve slope of HPC is larger than that of MPC, indicating a
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better capacitor behavior. Minor semicircles at high frequency region of both MPC and
HPC represent low charge-transfer resistances at the electrode/electrolyte interface.
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Figure 5-5 Cycle performance of HPC in 6M KOH aqueous solution at current density of 10 Ag-1.

Figure 5-5 shows the cycling performance of HPC in the three-electrode
configuration. The sample HPC retains 99% of its initial capacitance after 2000 cycles.
The HPC electrode displays excellent cycling stability guarantees its practical application
requiring long-term service.
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Figure 5-6 Electrochemical performance of HPC measured in a symmetric two-electrode system. (a) CV
curves at different scan rates. (b) charge/discharge curves of HPC at different current densities. (c) specific
capacitance at different current densities. (d) Nyquist plot.of the symmetric supercapacitor. (e) Ragone plot
related to energy and power densities.(f) cycling stability at a current density of 5 Ag-1.
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5.4 Conclusions

In summary, we successfully synthesized lignin-derived hierarchically porous
carbons through an organic-organic self-assembly method. The unique hierarchically
porous structure can help to minimize the electrical resistance and expedite ion transport.
The obtained carbon electrodes MPC and HPC exhibit high capacitances of 187 Fg-1 and
237 Fg-1, respectively. Furthermore, less than 1% loss of the initial mass specific
capacitance was observed in the cycling measurement after 2000 cycles. These results
show that the as-prepared hierarchically porous carbon materials are promising
candidates for high-performance supercapacitors.
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Chapter 6 Conclusions

1. Both carbon materials and LiMn2O4 have been investigated to show the effects
of specific surface area, hierarchical porous nano-structure, and surface functionality on
the energy storage performance.
2. Flexible, self-sustained and hierarchically porous carbon nanofiber (CNFs)
were fabricated. Macropores/mesopores in the fiber are beneficial to accelerate the iondiffusion into inner micropores.
3. An asymmetric supercapacitor LiMn2O4 nanoparticle //activated carbon was
developed. The asymmetric supercapacitor cell showed a good energy capacity and
excellent cycling stability.
4. Lignin was utilized in the thesis as carbon precursor to prepare mesoporous
lignin-char. Hierarchically porous carbon (HPC) with pores at different scales were
obtained after alkali activation. A high capacitance of 237 Fg-1 and excellent cycling
stability were obtained. The good performance is ascribed to the unique porous structure:
mesopores accelerating the ion-diffusion and micropores enhancing the capacitance value.
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